Abstract. This study presents quasielastic neutron scattering data of the water-soluble chlorophyll-binding protein (WSCP) and the corresponding buffer solution at room temperature. The contributions of protein and buffer solution to the overall scattering are carefully separated. Otherwise, the fast water dynamics dominating the buffer contribution is likely to mask the slow protein dynamics. In the case of WSCP, the protein scattering can be described by two contributions: i) internal protein dynamics represented by a diffusion in a sphere with an average radius of 2.7Å and ii) global (Brownian) diffusion of the WSCP macromolecule with an upper limit for the translational diffusion coefficient of 9.4 · 10 −7 cm 2 /s.
Introduction
Protein dynamics due to stochastic structural fluctuations of small molecular subgroups on the picosecond time scale has been shown to play an important role in physiological processes in nature. Prominent examples for such dynamics-function correlations include proton transfer in bacteriorhodopsin of halobacterium salinarum [1, 2] , ligand binding to myoglobin [3] , and photosynthetic electron transfer in plant photosystem II [4] . In the case of photosystem II membrane fragments of green plants, quasielastic neutron scattering (QENS) has established that the onset of diffusive molecular motions at ∼240 K [4] , and at a relative humidity of ∼45% [5] is strictly correlated with the temperature-and hydration-dependent electron transfer efficiency from an electron donor referred to as Q − A to a transiently bound acceptor molecule named Q B . Such a characteristic dependence of a functional process on temperature and hydration may indicate a crucial role of molecular dynamics in the underlying molecular mechanism [4, 6] .
Photosynthetic systems typically exhibit a high degree of complexity and bind a large number of pigment molecules or other functionally active co-factors. Therefore, it is often difficult to investigate specific pigment-protein interactions in such complex systems. In this regard, WSCP has recently been established as a minimal, but naturally abundant model system for photosynthetic pigment-protein complexes [7] , although its own particular function is not yet clarified.
WSCP can be isolated from various plants and distinguished according to its response to illumination. While Class-I WSCP exhibits a spectral shift upon a Corresponding author: pieper@ut.ee excitation, no photoconversion is observed for class-II (for a review see [8] ). Class-II WSCPs are watersoluble and possess a molecular weight of about 20 kDa. Up to now, a crystal structure obtained by X-ray diffraction is available only for WSCP from Lepidium virginicum [9] . However, all class-II WSCPs occur in tetrameric form binding 1-4 chlorophyll molecules. A recombinant type of WSCP from cauliflower was found to contain 2 chlorophylls (class-IIa), while WSCP from Lepidium virginicum binds 4 chlorophylls per tetramer (class-IIb). Recombinant class-IIa WSCP binding only two chlorophylls has been used to investigate pigmentprotein interactions and excitation energy transfer by a number of spectroscopic techniques including timeresolved absorption and fluorescence experiments, spectral line-narrowing and 2D electronic spectroscopy [10] [11] [12] [13] [14] .
However, a direct investigation of WSCP protein dynamics by QENS is so far lacking. As a complicating factor for such studies, a significant solvent contribution to the overall scattering intensity can be expected as observed before for the antenna complex LHC II [15] and for the bacterial reaction center [16, 17] . In the present study we address this problem by QENS experiments on WSCP and on the corresponding buffer solution at room temperature. We conclude that the contribution of protein scattering can be reliably separated and analyzed in terms of internal dynamics and global (Brownian) diffusion.
Materials and methods
WSCP protein dynamics on the picosecond timescale was investigated by QENS experiments using the time-offlight spectrometer FOCUS at the Paul-Scherrer institute in Villigen, Switzerland. The measurements were performed with an incident neutron wavelength of 5Å, an elastic energy resolution E of 0.123 meV and a scattering vector Q range of 0.33-2.25Å −1 . The data were corrected for empty cell contribution, normalized and converted to energy transfer scale using the program package DAVE [18] . The sample preparation was adapted to QENS experiments. Briefly, recombinant WSCP from cauliflower (Brassica oleracea var. botrytis) was expressed as previously described [11] and reconstituted with purified chlorophyll a and chlorophyll b at a chlorophyll a/b ratio of 2.7:1. Finally, WSCP was diluted in a buffer solution containing 300 mM Imidazole, 20 mM NaP (pD = 7.5), and D 2 O in order to minimize the solvent scattering. The protein concentration of the WSCP sample was about 80 mg/ml in a total volume of 2 ml. A similar amount of buffer was used for comparative measurements.
Results and discussion
Before discussing QENS spectra of WSCP, the contributions of protein (WSCP) and buffer solution to the overall scattering have to be carefully separated. In this regard, it is instructive to inspect the angle spectra of sample and buffer solution as well as that of a vanadium standard shown in Fig. 1 . The sample solution exhibits an intense correlation peak at 2θ of about 95
• that is absent in the incoherently scattering vanadium standard. The same correlation peak is visible in the angle spectrum of the buffer solution so that it can be mainly attributed to the coherent scattering of D 2 O. Generally, the protein contribution can be derived by the relation
where k is a scaling factor accounting for the buffer contribution to the total sample scattering. It is possible to rewrite (1) specifying coherent (I coh ) and incoherent (I inc ) contributions: Furthermore, it can be assumed that scattering of protein is almost entirely incoherent. Gaspar et al. [19] investigated the coherent and incoherent scattering of proteins by polarization analysis and found an incoherent scattering fraction of about 90 percent in completely dry myoglobin. Then, considering only the coherent part in (4), it follows that I sample,coh = k · I bu f f er,coh so that k can be determined as the ratio of the coherent scattering contributions of sample and buffer, represented here by the intensities of the correlation peak visible in Fig. 1 . Once k is known, the protein contribution can be derived from (1). The resulting WSCP angle spectrum is also shown in Fig. 1 . A comparison of the angle spectra of vanadium and the WSCP in Fig. 1 reveals that these spectra are quite similar confirming incoherent nature of WSCP scattering. Figure 2 shows the QENS spectra for the sample (black dotted line) and buffer solution (green line) as well as the resulting difference spectrum (red line) at room temperature, which correspond to the angle spectra shown in Fig. 1 . The difference spectrum accounts for WSCP and its hydration shell of tightly bound water not reflected by buffer dynamics. A comparison of the data reveals that the dynamics of WSCP and of the buffer are essentially different. Qualitatively, it appears that the broad buffer spectrum is dominated by the fast diffusion of D 2 O, while the narrower WSCP spectrum corresponds to slower dynamics. The buffer scattering constitutes a large part of the QENS spectrum of the sample (WSCP in buffer solution) and would largely obscure the protein scattering if the two contributions could not be reliably separated. This observation underlines that efforts to suppress the buffer scattering are of great importance when investigating proteins in solution.
In what follows, we will discuss the QENS spectrum of WSCP as derived above (see Fig. 2 ). For further analysis, the data were grouped into ten angle groups. Figure 3 shows QENS spectra of WSCP for three representative Q-values. As expected, the data reveal a QENS/WINS 2014 decrease of elastic scattering at 0 meV with increasing Q and a concomitant increase of the quasielastic contribution.
The theoretical scattering function S theor (Q, ω) used to fit the WSCP data is the convolution of S i (Q, ω) describing internal protein dynamics and S g (Q, ω) related to global diffusion of the protein under the assumption that both contributions are uncorrelated [20, 21] :
Before discussing the contributions S i (Q, ω) and S g (Q, ω), we note that the data in Fig. 3 are fitted by an experimental scattering function S ex p (Q, ω), which is the convolution of S theor (Q, ω) with the experimentally obtained resolution function R(Q, ω). The resulting fits are shown as full lines in Fig. 3 . Overall, the fit functions exhibit a very good agreement with the experimental data. In more detail, the scattering function of global protein diffusion
generally accounts for both, translational and rotational diffusion of the protein approximated by a single Lorentzian with the half-width at half maximum (HWHM) g (Q) = · D app · Q 2 where D app is the apparent diffusion coefficient [22] .
As to the internal protein dynamics of WSCP, the scattering function S i (Q, ω) is given by [20, 21] 
where the first and the second terms represent elastic and quasielastic scattering, respectively, A(Q) is the elastic incoherent structure factor (EISF) and i (Q) is the Lorentzian HWHM. The EISF obtained by fitting the WSCP spectra is shown as a function of scattering vector Q in the inset of Fig. 3 . The EISF can be interpreted by the model for diffusion in a sphere according to [23] Fig. 4 . At the first glance, the widths of the narrow Lorentzian (HWHM) appear to be smaller than the Gaussian resolution of 0.123 meV (full width at half maximum). Nevertheless, this component turned out to be essential for proper fitting and cannot be omitted except for the smallest Q-value. Note in this regard the considerably larger error bar of the Lorentzian HWHM at the lowest Q-value. The reason for the observation of rather narrow widths most probably lies in the slow tailing of the Lorentzian function, so that its wings are visible even outside of the Gaussian resolution function. The linear increase of Lorentzian widths with increasing Q 2 is the signature of a continuous long-range (Brownian) diffusion of WSCP at 300 K. The slope of the linear fit shown in Fig. 3 corresponds to an apparent diffusion coefficient D app of (9.4 ± 0.6) · 10 −7 cm 2 /s. As expected, this value is significantly smaller than that of bulk water [24] . Recalling that D app accounts for both, rotational and translational diffusion of WSCP, D app has to be considered as an upper limit of the translational diffusion coefficient of WSCP.
Conclusions
We conclude that QENS studies on dynamics of proteins in buffer solution require a careful separation of buffer and protein contributions. As a result, WSCP dynamics can be reasonably modelled by two types of motion at room temperature: i) internal protein dynamics and ii) global diffusion of the whole WSCP molecule. Therefore, we anticipate that WSCP dynamics can be characterized by QENS over a larger temperature range, and WSCP can be used as an appropriate model system for studies of protein dynamics in photosynthetic pigment-protein complexes.
